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Abstract
Color matches made with a Nagel anomaloscope are used in the diVerentiation of color vision deWciencies. When these color matches
are made over a wide range of retinal illuminances, the changes in the color match provide information about the regeneration kinetics
and the absorption spectra of the middle- and long-wavelength cone photopigments. These steady-state color matches vary with a variety
of conditions, and may have value in screening for eye disease. Recently, high-brightness LEDs have become available that allowed us to
construct a LED-based, high-brightness anomaloscope. We used inexpensive, low-energy components to replicate an earlier instrument,
getting a maximum retinal illuminance over 5.6 log Trolands.
© 2006 Published by Elsevier Ltd.
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At photopic illuminances, most people have trichro-
matic color vision. That is, any light can be matched by a
mixture of three suitable lights (primaries: Wyszecki &
Stiles, 1982). These color matches are often made using a
bipartite Weld. The reference light is displayed in one hemi-
Weld and a mixture of primaries is displayed in the other
hemi-Weld. Adjusting the ratio of the primaries, a match is
made, and the two hemi-Welds appear the same: the quantal
catch on the two hemi-Welds are considered to be equal for
each cone type. Subjects with normal color vision make
matches that vary little from a common mean, while others
make diVerent color matches due to congenital (8–9% of
men: Pokorny, Smith, & Verriest, 1979) and acquired
(Birch et al., 1979a) color vision deWciencies. Many meth-
ods for assessing color vision have been devised (Birch
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the most common red–green forms of color vision deWcien-
cies (protan- and deutan-), anomaloscopes are the only
instruments that can provide a deWnitive diagnosis. The
most widely recognized anomaloscope was introduced by
Nagel in 1907 (Jordan & Mollon, 1993).
In a Nagel anomaloscope a ‘standard yellow’ in one
hemi-Weld is matched in appearance to a mixture of ‘red’
and ‘green’ in the other hemi-Weld (the Rayleigh equation:
Birch et al., 1979b). As short-wavelength sensitive cones are
minimally sensitive to these wavelengths (Fig. 1), the Nagel
anomaloscope is based on color matches that require only
two primaries. People with normal trichromacy report a
match between the hemi-Welds over a very limited range of
red–green ratios, with minor adjustments of the illuminance
of the standard yellow hemi-Weld. People with red–green
dichromacy lack the long- (protanopia) or middle- (deuter-
anopia) wavelength sensitive cone type, so cannot distin-
guish these lights except on the basis of brightness. Thus,
over most red–green ratios, dichromats will accept a color
match simply by adjusting the illuminance of the standard
yellow. Protanopia and deuteranopia are distinguished by
the illuminances required for a match (Pokorny et al.,
1979). People with red–green anomalous trichromacy
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a red–green range that varies with the degree of the color
vision deWciency, the center of the range being diVerent
from normal trichromats, and distinctive of the color vision
anomaly (Pokorny et al., 1979). These characteristic color
matches allow the diagnosis of color vision defects. Clinical
anomaloscopes have relatively small, low retinal illumi-
nance test Welds. For example, the Nagel model-1 anomalo-
scope has a 2-deg test Weld of 2–5 cd/m2 illuminated by an
incandescent-lamp Wltered through three narrow-band
Wlters with nominal wavelengths of 545, 589, and 670 nm
(Birch et al., 1979b).
Color matches vary with Weld size, Weld brightness (reti-
nal illuminance), retinal location, and pupil location of the
beam. Of particular interest is the change in color matching
with retinal illuminance (Alpern, 1979; Burns & Elsner,
1985; Stiles, 1937). Using a high-brightness anomaloscope
constructed with tungsten-halogen lamps and interference
Wlters, Burns, Elsner, and colleagues demonstrated that the
variations with retinal illuminance in the red–green ratio
required for a color match were explained by the variation
in the eVective optical density of the cone photopigments
that occurred with bleaching (Burns & Elsner, 1985, 1993;
Burns, Elsner, Lobes, & Doft, 1987; Elsner, Burns, & Webb,
1993). These researchers concluded that steady-state color
matches, measured as a function of illuminance, allow
assessment of photopigment regeneration kinetics and the
measurement of absorption spectra of the photopigments.
Using this approach, inferences have been made about
Fig. 1. Chromaticities of the Wve lights (LED-Wlter combinations) shown
on a CIE 1931 chromaticity diagram. Since the 546, 600, and 640 nm lights
are along a line, the 546 and 640 nm light can be combined to appear like
the 600 nm light. The match made is a measure of the relative quantal
catches of the cone types. Also, the 546, 600, and 640 nm lights are on the
portion of the spectrum locus that is a confusion locus for people with
red–green color deWciencies. Along such loci, people with red–green color
vision deWciencies make color matches that diVer in characteristic ways
from those made by people with normal trichromacy.photopigments (Elsner, Waldvogel, & Burns, 1989; Shevell
& He, 1997; Shevell, He, Kainz, Neitz, & Neitz, 1998), and a
variation in cone optical density with age has been shown
(Elsner, Berk, Burns, & Rosenberg, 1988). In addition,
unusual cone optical densities were shown in people with
retinitis pigmentosa (Burns et al., 1987; Young & Fishman,
1980), central serous retinopathy (Burns, Elsner, & Lobes,
1988) and age-related macular degeneration (Eisner, Klein,
Zilis, & Watkins, 1992, 1991; Elsner, Burns, & Weiter, 2002;
Swanson & Fish, 1995). Unusual cone photopigment
dynamics were reported in people with diabetes (Elsner,
Burns, Lobes, & Doft, 1987). Thus, a high-brightness anom-
aloscope may be used in evaluating the eVects of retinal dis-
ease on the cones and possibly has value as a screening
device to detect early retinal changes.
The incandescent-lamp high-brightness anomaloscope
was bulky and diYcult to calibrate, so Burns and Webb
(personal communication) designed and built a laser-based
version that was never carried to a clinical reality, partially
due to the complexity and cost. Light emitting diodes
(LEDs) are an alternative light source for an anomaloscope
and a number of LED-based instruments with luminances
similar to the Nagel anomaloscope have been reported (e.g.
Capilla & Aguilar, 1993; Dain, Strange, & Boyd, 1980;
Kintz, 1983; Pokorny, Smith, & Lutze, 1989; Saunders,
1976, Neitz Instruments, Tokyo, Japan; Oculus, Dutenho-
fen, Germany). Recently, high-brightness LEDs have
become available that produce suYcient luminance for a
high-brightness anomaloscope. Here, we report a LED-
based, high-brightness anomaloscope that is capable of
providing over 5.6 log Trolands (logtd) of retinal illumi-
nance to measure cone photopigment kinetics. This instru-
ment can also mimic a Nagel anomaloscope.
2. Methods
2.1. Optics
Fig. 2 shows the general layout of our high-brightness, LED-based
anomaloscope. Light from the 640 and 546 nm LEDs was Wltered, colli-
mated, and mixed by a dichroic beam-splitter. This mixed light then passed
a front-surface mirror such that the edge of the mirror was the boundary
line between the hemi-Welds. This mirror-edge was in a retinal conjugate
plane. The 600 nm light was similarly Wltered and collimated, but its beam
was reXected from the mirror to Wll the other hemi-Weld, complementing
the 640/546 nm mixture. Thus, the 600 nm light formed one hemi-Weld
while the 640/546 nm mix formed the other. A pupil-stop was imaged in
the subject’s pupil with a diameter of about 1.5 mm. A Weld-stop, conju-
gate to the retina and to the edge of the mirror set the size of the testing
Weld at the retina. We used a 7 mm diameter Weld-stop for a 4-deg Weld at
the retina or a 3.5 mm Weld-stop for a 2-deg Weld. The 640, 546, and 600 nm
beams then passed through a pellicle and into the objective lens.
Two additional light paths occurred after the Weld-stop. The broad-
band light—which was used to pre-adapt the eye—was collimated and
passed through a beam-splitter before reXecting oV the pellicle into the
objective lens. The 450 nm light—which was used to suppress the subject’s
rods and short-wavelength-sensitive cones—was Wltered, collimated, and
reXected by the beam-splitter before reXecting oV the pellicle into the
objective lens. The broadband and 450 nm beams covered a Weld of 10 deg.
The pellicle caused wavelength-dependent interference in those two
reXected beams, as is very apparent in the spectrum of the broadband light
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white. That interference eVectively narrowed the spectral width of the
reXected 450 nm light, but had no signiWcant impact on the transmitted
lights (546, 600, and 640 nm). We did not discover this eVect of the pellicle
until we had completed the pilot studies. Though the interference had no
impact on the results of our pilot studies, we recommend against the use of
a pellicle in such instruments. A wedge beam-splitter avoids this eVect,
though it slightly alters the shape of the image at the retina (elliptical
rather than circular).
To adjust for ammetropia the distance between the Weld-stop and the
objective lens could be varied, as in a Badal optometer. The simplest way
to achieve this was by moving all the components within the dashed
boundary relative to the rest. Alternatively, the subject could wear correc-
tive lenses quite conveniently.
When the broadband LED was on, all others are oV, allowing the sub-
ject to adapt to the appropriate intensity without color reference. Since the
broadband source was not incandescent (as in classic anomaloscopes), the
subject perceived no reddish after-image. The broadband retinal illumi-
nance was set to that of the subsequent testing illuminance. The larger Weld
size of the broadband and 450 nm light ensured that the retinal area used
Fig. 3. Normalized spectra of our Wltered LED sources. The unWltered
broadband LED is normalized to 0.5. Both the 450 nm and broadband
lights were subject to wavelength-dependent interference when reXected
by the pellicle.for the color matches received equal adaptation despite slight motions in
subject’s eye positioning or gaze location. A chinrest and a headrest stabi-
lized the subject during measurements.
The high-brightness LEDs (Benavides & Webb, 2005) diVerentiate our
instrument from previous LED-based anomaloscopes. Table 1 shows the
central wavelength and bandwidth of each LED-Wlter combination and
Fig. 1 shows the chromaticity co-ordinates of the lights. The broadband
LED was not Wltered because a broad spectral source was necessary for
eVective pre-adaptive bleaching. Fig. 3 shows the spectra of the lights
(LED-Wlter combinations). These LEDs emitted over 64 lumens each and
were bright enough to deliver substantial power (»10 W) to the subject,
even after attenuation from the interference Wlters, Weld-stops, and reXec-
tions. The system, while capable of emitting over 6 logtd, only displayed a
maximum illuminance of 5.61 logtd of reference light during our experi-
ments (Table 2), which is safe for continuous viewing (many hours),
according to the ANSI standards (ANSI, 2000).
2.2. Electronics
The light intensity provided by each LED was controlled by pulse
frequency modulation (Swanson, Ueno, Smith, & Pokorny, 1987). The
modulator generated a train of current pulses that created a temporal
variation in light intensity as illustrated in Fig. 4. The height and width
of each pulse was Wxed by the electronics (750 mA £ 1 s), while the fre-
quency of the pulse-train was computer-controlled through variation of
the voltage to the modulator. The lowest pulse repetition frequency was
80 Hz, such that a 1 s pulse appeared every 12.5 ms, and the LED oper-
ated above the perceivable Xicker threshold (Davson, 1990), so subjects
perceived a steady illumination. The advantage of pulse frequency mod-
Table 1
The Wve lights, combinations of the LEDs (Lumileds Lighting LLC, San
Jose, California/USA) and Wlters (Chroma Technology Corp., Rocking-
ham, Vermont/USA) shown, had peak wavelengths (o) and bandwidths
()
The broadband LED was not Wltered. The chromaticities are illustrated in
Fig. 1, and the spectra are shown in Fig. 3.
LED Filter o (nm)  (nm)
Red LXHL-MD1D D640/20£ 640 20
Green LXHL-LM3C D546/10£ 546 10
Amber LXHL-LL3C XB105 600 10
Blue LXHL-MRRB D450/50£ 450 50
Broadband LXHL-LW3C N/a N/a N/aFig. 2. General layout of our LED-based high-brightness anomaloscope. 640 and 546 nm light was Wltered, collimated and then combined to form one
hemi-Weld. Six hundred nanometers of light was Wltered and collimated to form the second hemi-Weld. A pupil- and Weld-stop, with their appropriate
lenses, were placed in pupil and retinal conjugate planes to form the Maxwellian view. The Weld-stop was adjusted to form 4- and 2-deg Welds. The broad-
band and 450 nm light was on a separate beam path. They were combined with a beam-splitter and introduced into the primary optical path with a pellicle.
Their lenses also acted as a Weld-stop such that they each formed a 10-deg Weld.
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directly proportional to the drive frequency. For example, doubling the
modulator frequency doubled the LED’s luminance. Our LED drivers
depended on a voltage-controlled oscillator that was given a voltage
from the computer. This caused a slight deviation from linearity over the
desired range, so we compensated by incorporating a look-up table in
the computer program. This allowed the computer program to deter-
mine the necessary voltage for the required frequency, without relying
on linearity of the voltage-controlled oscillator. Later work has allowed
the computer to supply the frequency directly, so this compensation is
not needed, but we report here the system used to collect our data. Since
the LEDs were mounted on heat sinks, negligible heating occurred. One
Wnal advantage of pulse frequency modulation was the range of precisely
controlled luminances available. Using Wxed pulse-widths and pulse-
heights, our anomaloscope spanned about 3 log units of retinal illumi-
nance (here 2.67–5.61 logtd). Another log unit of range is possible if the
absolute maximum settings of the LEDs were utilized, and yet another
log unit of range would be possible if pulse-heights were varied.
Table 2
Experimental retinal illuminance ranges for each light (LED and Wlter)
used during our experiments
The combined 640/546 nm light was controlled by the subject. While the
combined illuminances could not drop below 2.3 logtd, the individual illu-
minances could, so during the experiment, it was possible for all 5.97 logtd
to come from either primary at the expense of the other. The 600 nm refer-
ence light was set by the experimenter, and the 450 nm and broadband
lights were slaved to that setting.
Light Retinal illuminance (logtd)
Combined 640/546 nm 2.3–5.97
600 nm 2.67–5.61
450 nm 0.67–3.61
Broadband 2.67–5.61
Fig. 4. Illustration of the variation in light energy over time used in pulse
frequency modulation. In (a), (b), and (c) the LED is triggered three, Wve,
and nine times, respectively, in a given interval. Each pulse has the same
duration and amplitude (luminous Xux). A slow light meter, like the
human visual system, would integrate these pulses. Since the energy per
pulse is equal for all three frequency settings, the above have an intensity
ratio of 3:5:9.2.3. Interface
The subject had access to two potentiometer knobs, both of which con-
trolled the red–green mixture hemi-Weld. The red–green ratio knob varied
the ratio of 640–546 nm light, and the illuminance knob controlled their
combined illuminance. Voltage from the illuminance knob, between 0 and
10 V, was sent to the computer, which calculated the total illuminance of
the constituent lights, L. The ratio knob’s voltage, also adjustable from 0
to 10 V, was sent to the computer, divided by 10 and assigned to the
546 nm light, G. Then the 640 nm light was R D 1 ¡ G. This means that the
546 nm illuminance was LG and the 640 nm illuminance was L(1 ¡ G).
Their ratio was (1 ¡ G)/G D R/G, and changing the ratio knob did not alter
the combined illuminance of the red–green mixture hemi-Weld. The poten-
tiometer voltage was precise to 0.01 V, so these values were precise (re-set-
table) to 0.1%. The computer determined the voltages required to drive the
oscillators.
Calibration consisted of measuring each light at the plane of the eye’s
pupil, for 10 settings of each potentiometer and comparing to stored data.
In calibration mode the experimenter, rather than the subject, controlled
the illuminances of the 640 and 546 nm lights. Only in this mode were the
absolute maximum illuminances accessible. During an experiment the sub-
ject’s settings are displayed on the experimenter’s computer screen, from
which all LEDs could be controlled electronically. In this experiment
mode, the experimenter could select the retinal illuminance of the 600 nm
light (and thus the broadband and 450 nm lights).
2.4. Pilot studies
To demonstrate that our high-brightness anomaloscope could produce
results comparable to former studies we conducted two small pilot studies.
First, we replicated the results reported by Burns and Elsner (1985) in their
Fig. 3 that shows color matching data from individual observers for retinal
illuminances of 2.41–4.95 logtd. While constrained by chin- and headrest,
our three normal trichromatic subjects made color matches at nine retinal
illuminance levels, from 2.67 to 5.61 logtd, presented in a random order. At
each retinal illuminance level, the subject viewed the 10-deg broadband
adapting Weld for 2–4 min. After adapting, the Weld display was changed to
the 4-deg anomaloscope test Weld, the reference (600 nm) hemi-Weld was
Wxed in illuminance, and the subject was allowed to make adjustments of
the red–green ratio and illuminance of the test (640–546-nm mixture)
hemi-Weld. Light at 450 nm was added to the anomaloscope test Weld at 1%
of the retinal illuminance of the reference. The subject made 10 free
matches at each retinal illuminance level, with the illuminance and red–
green mixture settings oVset between adjustments, and then the values at
the 10 settings were averaged. Each subject did two sessions on separate
days to examine repeatability.
Though the purpose of our high-brightness anomaloscope was not to
assess color vision deWciencies, it should perform similarly to a clinical
anomaloscope. Thus, we compared our LED-based anomaloscope to a
Nagel model-1 anomaloscope, using a procedure similar to that of Linksz
(National Research Council, 1981). For the Nagel anomaloscope, after 2–
3 min of adaptation to the broadband Weld on the front panel, subjects
made Wve free matches, adjusting both the reference (589 nm) luminance
and the red–green (670–545 nm) ratio. The examiner then set the red–
green ratio and asked whether the subject could make a match adjusting
only the reference luminance. As many red–green ratios were presented as
necessary to Wnd a range over which the subject would report a match. As
required, the reference luminance settings at which color matches were
reported were used to determine the color vision status of the subject. The
Nagel model-1 anomaloscope has a 2-deg test Weld and free (Newtonian)
viewing. We estimated its retinal illuminance was about 2 logtd (for a
5 mm pupil). For our LED-based anomaloscope we set the test Weld at
2 deg and the reference hemi-Weld at 3.07 logtd, which is in the Xat part of
the curve (see Fig. 5). In the Nagel anomaloscope the luminance of the ref-
erence hemi-Weld was adjusted, whereas in our anomaloscope the illumi-
nance of the red–green mixture hemi-Weld was adjusted. This diVerence
resulted from the need to deWne the retinal illuminance of the reference
Weld for the high-illuminance testing, which is the primary goal of our
R.L. Woods et al. / Vision Research 46 (2006) 3775–3781 3779anomaloscope. It is unlikely that these diVerences would cause a diVerent
color match, as color matches made at lower retinal illuminances do not
vary up to about 3.5 logtd (our Fig. 5 and Fig. 3 in Burns & Elsner, 1985).
We constrained head movements with our anomaloscope, which used
Maxwellian view, but not with the Nagel anomaloscope, whose display
was Newtonian. The psychophysical procedures for the LED-based anom-
aloscope were the same as for the Nagel anomaloscope. Ten subjects par-
ticipated, including three subjects with self-reported color vision
deWciency.
2.5. Subjects
The subjects (nine male and one female) were aged 27–71 years. As
shown in Fig. 6, seven subjects were normal trichromats, one was a simple
deuteranomalous trichromat, one an extreme protanomalous trichromat
Fig. 5. We obtained results comparable to Burns and Elsner (1985), show-
ing the change in color match with change in retinal illuminance. R/G is
the ratio of the retinal illuminance of the 640 and 546 nm lights. Color
matching data are shown for three subjects as the mean R/G. Error bars
are 95% conWdence limits (t distribution) of at least ten R/G settings per-
formed at the one session. Data for each were Wt with cumulative Gauss-
ian functions. There were two sessions separated by about 6 months.
Though there was some change between the sessions (discussed in the
text), this suggests that the color matches were repeatable. Subject 2 (age
71 years) had lenticular changes (early cataract, with normal visual acuity)
that may have caused the Xatter slope of his color matches.and another a deuteranope. Three of the normal trichromats were authors
and participated in both pilot studies.
3. Results
As shown in Fig. 5, we were able to replicate the results
of Burns and Elsner (1985) for the steady-state, high-illumi-
nance color matches, with similar inter-subject variability.
For our subjects the diVerence of ratios between high and
low illuminances was also about 0.2 log units. The curves in
Fig. 5 are cumulative Gaussians, Wtted to our data, and
their mean values are comparable to those measured by
Burns and Elsner (4.1 versus 4.4 logtd). Our subjects
reported ratios at the lower retinal illuminances of log (R/
G) between 0.1 and 0.2, while Burns and Elsner found
between ¡0.1 and +0.1, with one outlier. These small diVer-
ences may be a consequence of diVerences in the character-
istics of the three light sources. Burns and Elsner’s three
sources, 546, 589.6, and 650 nm, had somewhat diVerent
separations from ours. The diVerence in red–green ratio
with illuminance is used in the calculation of cone optical
density and the mean value is the retinal illuminance that
bleaches half of the cone photopigments.
To illustrate repeatability of the instrument we collected
two sets of data separated by about 6 months for each sub-
ject (Fig. 5). Between the two sessions, the instrument was
modiWed in ways that should not have aVected its perfor-
mance and we were able to replicate the Wrst calibration
prior to the second data collection sessions. As seen in
Fig. 5, we were able to demonstrate similar changes in color
match with changes in retinal illuminance and similar inter-
subject diVerences. However, the repeatability demon-
strated in this limited evaluation was not as good as one
would like in a real study. We believe that better repeatabil-
ity would be found with a stable instrument (i.e. not in
development) and with the use of a bite bar.
In Fig. 6 we compare the patterns of color matching of
our LED-based anomaloscope and a Nagel anomaloscope.
The proportion of 640 nm light, R, in our instrument was
externally calibrated, while the Nagel presents an arbitrary
scale that should be linearly related to R (a function of the
relative intensities of the 670 and 545 sources in the Nagel
instrument). We did not attempt to Wnd an absolute corre-
lation (we borrowed the Nagel and hesitated to disassemble
it). However, the patterns of color matching in the two
instruments were similar, except for one subject. The seven
normal trichromats (subjects 1–7) matched over narrow
ranges. Of interest is subject 4, whose matching range was
‘greener’ than the other normal trichromats. Subject 8 was
a deuteranomalous trichromat, requiring more green in the
mix and having a matching range only slightly wider than
the normal trichromats. Subject 10 was a deuteranope,
matching over the full range of the Nagel and our LED-
based anomaloscope. Subject 9 was categorized by the
Nagel model-1 anomaloscope as an extreme protanoma-
lous trichromat, matching over much of its range (20–73).
However, on our LED-based anomaloscope, he matched
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tanope.
The feature distinguishing between dichromacy and
extreme anomalous trichromacy is that the extreme anoma-
lous trichromat does not match over the full range of the
Nagel anomaloscope. To test whether the diVerent match-
ing ranges were due to the diVerence in retinal illuminance
between the instruments, we repeated the LED-based
anomaloscope measurements of subjects 1, 9, and 10 when
the retinal illuminance was 2.0 logtd. As expected (e.g.
Fig. 5 and Burns & Elsner, 1985), there was no diVerence in
the matching ranges between the 2.0 and 3.07 logtd sessions.
To test whether “tuning” (National Research Council,
1981), may have caused the discrepancy between instru-
ments, subjects 1, 9, and 10 were tested at 2.0 logtd with
short adaptation periods to the broadband light between
color matches. Again, the matching ranges were the same.
As such, we had no explanation for the diVerence in the
color vision classiWcation of subject 9 between the Nagel
anomaloscope and the LED-based anomaloscope. To test
the reliability of the Wrst Nagel anomaloscope result, since
we no longer had access to the Wrst Nagel instrument, we
tested subjects 1 and 9 on a recently refurbished Nagel
anomaloscope. On that instrument, subject 9 repeatedly
provided responses consistent with being a dichromat.
Hence, we conclude that the apparent discrepancy between
the Nagel anomalocope and our LED-based instrument
was a consequence of the reliability of the Nagel anomalo-
scope. Even with this apparent discrepancy, for this very
limited sample, it appears that we obtained comparable
results to a Nagel anomaloscope and would have made the
same color vision classiWcations with our LED-based
anomaloscope, except as noted for subject 9.
4. Discussion
We set out to build a simple and inexpensive version of
the high-brightness anomaloscope described by Burns andElsner (1985). This has been demonstrated quite clearly,
with results comparable to earlier work (Fig. 5). Also,
our anomaloscope can produce results similar to a Nagel
model-1 anomaloscope (Fig. 6). As intended, the device
has few moving parts, is controlled by a computer, and
takes up little space (and could be made smaller). Unlike
the instrument originally built by Burns and Elsner, there
is no signiWcant heat developed and no cooling needed.
While we were concerned primarily to produce a high-
brightness, red–green anomaloscope, with little more eVort
a blue–yellow (or similar) test could be incorporated into
this system. Similarly, while its use in this paper was in
making side-by-side matches, minimal alterations would be
required to make successive matches, or to provide precise
Xicker stimulation.
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bar), however, on a second Nagel anomaloscope he matched over the entire range (black plus gray bar) and he matched over the full range with our LED-
based anomaoloscope, which would lead to a diagnosis of protanopia.
R.L. Woods et al. / Vision Research 46 (2006) 3775–3781 3781C. Smith, G. Verriest, & A. J. L. G. Pinckers (Eds.), Congenital and
Acquired Color Vision Defects (pp. 243–339). New York, NY: Grune &
Stratton.
Burns, S. A., & Elsner, A. E. (1985). Color matching at high illuminances:
the color-match-area eVect and photopigment bleaching. Journal of the
Optical Society of America. A, 2, 698–704.
Burns, S. A., & Elsner, A. E. (1993). Color matching at high illuminances:
photopigment optical density and pupil entry. Journal of the Optical
Society of America. A, 10, 221–230.
Burns, S. A., Elsner, A. E., & Lobes, L. A. (1988). Foveal cone photopig-
ment bleaching in central serous retinopathy. Applied Optics, 27, 1045–
1049.
Burns, S. A., Elsner, A. E., Lobes, L. A., Jr., & Doft, B. H. (1987). A psycho-
physical technique for measuring cone photopigment bleaching. Inves-
tigative Ophthalmology and Visual Science, 28, 711–717.
Capilla, P., & Aguilar, M. (1993). Avico “color vision analyzer”: a new
apparatus for diVerent studies on human color vision. Clinical Vision
Science, 8, 201–206.
Dain, S. J., Strange, G., & Boyd, R. (1980). A solid state anomaloscope. In
G. Verriest (Ed.), Color Vision DeWciencies V (pp. 181–183). Bristol:
Adam Hilger.
Davson, H. (1990). Physiology of the Eye (Wfth ed.). London: MacMillan
Academic and Professional.
Eisner, A., Klein, M. L., Zilis, J. D., & Watkins, M. D. (1992). Visual func-
tion and the subsequent development of exudative age-related macular
degeneration. Investigative Ophthalmology and Visual Science, 33,
3091–3102.
Eisner, A., Stoumbos, V. D., Klein, M. L., & Fleming, S. A. (1991). Rela-
tions between fundus appearance and function. Eyes whose fellow eye
has exudative age-related macular degeneration. Investigative Ophthal-
mology and Visual Science, 32, 8–20.
Elsner, A. E., Berk, L., Burns, S. A., & Rosenberg, P. R. (1988). Aging and
human cone photopigments. Journal of the Optical Society of America.
A, 5, 2106–2112.
Elsner, A. E., Burns, S. A., Lobes, L. A., Jr., & Doft, B. H. (1987). Cone
photopigment bleaching abnormalities in diabetes. Investigative Oph-
thalmology and Visual Science, 28, 718–724.
Elsner, A. E., Burns, S. A., & Webb, R. H. (1993). Mapping cone photopig-
ment optical density. Journal of the Optical Society of America. A, 10,
52–58.
Elsner, A. E., Burns, S. A., & Weiter, J. J. (2002). Cone photopigment in
older subjects: decreased optical density in early age-related macular
degeneration. Journal of the Optical Society of America. A, 19, 215–222.
Elsner, A. E., Waldvogel, J., Burns, S. A. (1989). High illuminance color
matching in anomalous trichromacy. In: Drum, B., Verriest, G. (Eds.),Colour Vision DeWciencies IX, vol. Documenta Ophthalmologica Pro-
ceedings Series 52. The Netherlands, Dordrecht: Kluwer Academic, pp.
57–67.
Jordan, G., & Mollon, J. D. (1993). The Nagel anomaloscope and seasonal
variation of colour vision. Nature, 363, 546–549.
Kintz, R. T. (1983). A portable solid-state anomaloscope. Behavior
Research Methods, Instruments and Computers, 15, 587–590.
National Research Council. (1981). Procedures for Testing Color Vision:
Report of Working Group 41, Committee on Vision, Assembly of
Behavioral and Social Sciences, National Research Council. Washing-
ton, DC: National Academy Press.
Pokorny, J., Smith, V. C., Lutze, M. (1989). A computer-controlled brief-
case anomaloscope. In: Drum, B., Verriest, G. (Eds.), Colour Vision
DeWciencies IX, vol. Documenta Ophthalmologica Proceedings Series
52. The Netherlands, Dordrecht: Kluwer Academic, pp. 515–522.
Pokorny, J., Smith, V. C., & Verriest, G. (1979). Congenital color defects.
In J. Pokorny, V. C. Smith, G. Verriest, & A. J. L. G. Pinckers (Eds.),
Congenital and Acquired Color Vision Defects (pp. 183–241). New
York, NY: Grune & Stratton.
Saunders, J. E. (1976). A red–green anomaloscope using light emitting
diodes. Vision Research, 16, 871–874.
Shevell, S. K., & He, J. C. (1997). The visual photopigments of simple deu-
teranomalous trichromats inferred from color matching. Vision
Research, 37, 1115–1127.
Shevell, S. K., He, J. C., Kainz, P., Neitz, J., & Neitz, M. (1998). Relating
color discrimination to photopigment genes in deutan observers. Vision
Research, 38, 3371–3376.
Stiles, W. S. (1937). The luminous eYciency of monochromatic rays
entering the eye pupil at diVerent points and a new colour eVect. Pro-
ceedings of the Royal Society of London. Series B. Biological Sciences,
123, 90–118.
Swanson, W. H., & Fish, G. E. (1995). Color matches in diseased eyes with
good acuity: detection of deWcits in cone optical density and in chro-
matic discrimination. Journal of the Optical Society of America. A, 12,
2230–2236.
Swanson, W. H., Ueno, T., Smith, V. C., & Pokorny, J. (1987). Temporal
modulation sensitivity and pulse-detection thresholds for chromatic
and luminance perturbations. Journal of the Optical Society of Amer-
ica. A, 4, 1992–2005.
Wyszecki, G., & Stiles, W. S. (1982). Color Science. Concepts and Methods,
Quantitative Data and Formulae (second ed.). New York: John Wiley &
Sons.
Young, R. S., & Fishman, G. A. (1980). Color matches of patients with ret-
initis pigmentosa. Investigative Ophthalmology and Visual Science, 19,
967–972.
